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Abstract, ~ The fully polarimetric  EMISAR  acquired 
C-band  radar  signatures of sea ice in the  Greenland  Sea 
during a campaign  in  March  1995. We present  maps of 
polarimetric  signatures over an  area  containing  various 
kinds of ice and discuss the use of polarimetric  SAR for 
identification of ice types  and  their  geophysical  character- 
istics. 

INTRODUCTION 
Synthetic  Aperture  Radar (SAR.) has  been used to  map 
sea ice for operational  applications  and  climatic  studies. 
Current  and  future  satellite  SAR  systems  such  as  ERS, 
RADARSAT, a.nd ENVISAT operate at different  polariza- 
tjions.  Hence, t,he SAR  data  cannot  be  directly  compared 
without,  understanding  t,he effect of polarizational  depen- 
dence. Also different  meteorological  conditions  can  have 
a significant impact  on  measured  backscatter levels of sea 
icc and  open  water,  that  often  cause  ambiguity  in  identi- 
fying the  correct ice type.  Polarimetric  SAR  can  improve 
ice analyses  due  to  the  increased  amount of independent 
information.  The Da.nish a,irborne  system  EMISAR  has, 
as  the only  system so far,  acquired  C-band  polarimetric 
SAR  data of sea ice in the  Greenland  Sea.  The observa.- 
tions  obtained  with  EMISAR  have  high  spatial  and  radio- 
metric  resolutions and a low noisc  equivalent  backscat,t,er. 
The high  resolution  allows  small  areas of ice to  be  ana- 
lyzed and  limits  the  mixing of different ice types.  The 
low noise  allows more ice types  with low backsca,tter to  
he  imaged. 

DATA ACQIJISITION 
Fully polarimetric  SAR  data were obtained  with  t,he 
EMISAR  system.  The  sca,tt,ering  matrix  data  in  2 me- 
ter  resolution were  converted to  covariance matrix  data 
in a resolution of 25  m to reduce  the speckle noise. Wc 
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analyzed  the  data  with  respect of the  reciprocity  princi- 
ple, and  found  very  good  agreement  between  the  observed 
HV-VH correlation coefficient, and  the noise sta.tistics of 
the  system,  i.e.  backscatter  equivalent noise level (-35 
dB)  and  crosstalk  (-30  dB). We verify the  reciprocity bc- 
tween HV and VH to within  0.3  dB in power and 1 degree 
in  phase.  The  cross-polarized  scattering  matrix elenlcnt,s 
have  been  averaged  coherently to  further reduce the noise 
level to  -38 dB.  The  radiometric  resolution  is  better  than 
0.2  dB.  The  system  frequency is 5.3  GHz,  and  the inci- 
dence  angles  are  in  the  range  from 38 to  61 degrees. 

The complex  backscatter coefficient is defined as [1] 

47l 
A &m = - < s,,s;, > (1) 

where A is the  illuminated  area, Srt is the  scattering 
matrix element at  receive polarization r and  tra.nsmit po- 
larization t. We denote  the  co-polarized  backscatter cocf- 
ficients in a more  compact  notation as 

__ 0 
hh - Ohhhla (2) 

4 u  = 4 t l l l V  ( 3 )  
The  coherent  average of the cross-polarized  scattering 

matrix  elements is equivalent to 

f l : p  = i (%"h"  + Chvvh + Uuhhv  + Gvhvh)  (4) 
1 0  0 0 0 

We have  analyzed  polarimetric  parameters: co- 
polarized  ratio,  cross-polarized  ratio,  co-polarized  corre- 
lation coefficient, co-polarized  phase difference: and  sym- 
metry  parameter 61. They  are defined as follows: 

T C P  = (5) 
T X P  = 4,/4h ( 6 )  

61 = rx P 
1 (9) 
:(I - IPhhut,/) 

The  symmet,ry  parameter was  shown by [a] to he rclat>rci 
to  the  structure of the  scattering  medium. 



In  addition  to  the  EMISAR  acquisitions, an  under flight. 
was carried  out  in low akitude for ice reconnaissance. The 
observations,  including  aerial  photos and recorded  video 
sequences. were within few hours  from  the  SAR observa- 
tions. 

ICE  CONDITIONS 
We have  analyzed  ERS-1  SAR  together  with NOAA 
AVHRR imagery  obtained over the region  within few min- 
utes  from  the EMISAR.  acquisition. The AVHRR da.ta 
shows partly cloud cover of the region. The large  scale 
conditions  seems to  be  in  agreement  with  previous  obser- 
vations of the  Marginal Ice Zone in the  Greenland  Sea. 

The EMISAR  covered an  area of well mixed and rel- 
atively  largc floes. Leads  can  be observed  in EMISAR, 
ERS? and AVHRR. images. 

Met>eorological data were obtained  from  stlatiom  on  the 
Greenland  East,  coast  in the region of the  EMISAR  ac- 
quisitions. At Daneborg (200 km  North  to  the acquisi- 
t,ion) the air  temperature was reported  to  be lower than 
-15°C  in 8 days  prior to  the acquisition  with  typical  di- 
urnal  fluctuations of 5°C.  The  measured  air  temperature 
at Daneborg I hour before  acquisition  was -22"C, and 
the wind was 3 m/s €rom North.  Other Meteorological 
sta.tions in the vicinity  reveals  similar  observations of low 
temperatures  and low wind conditions,  with the lat,est 
storm being  more than one week prior to  the acquisitions. 

Aerial phot,os and  recorded video  sequences were evalu- 
ated t,o give a general  indication of ice type  and thickness. 
Three  distinct  types of ice could be identified:  nilas,  grey 
ice, and  white ice. We did  not observe any significant 
snow cover on  nilas  or  grey ice. 

OBSERVATIONS 
Figure 1 shows the  polarimetric  signatures  obtained  from 
covariance matrix  data in 25 m  resolution. The  maps 
cover a 8 km by 6 km  subset  within  the incidence  angle 
range 35" to 56", with  near  range  to  the left side. A 1- 
2 km wide freezing  lead is seen  between the thicker  ice. 
The  thin ice sheet  in the lead is further  broken  across tjl-lc 
lead  leaving a narrow  opening of water  or very thin ice 
approximately  100 m  wide.  Observations  from the  under 
flight, verify the presence of the lead  partly covered with 
t,hin  ice. 

The  backscatter level (o: /~)  is substantially lower in the 
lead  area  compared to the  surrounding ice, but large fluc- 
tuations occ11r within  both  the  thick ice and  the lead  area. 

A bet,ter  separation is obtained  from  the co-polarized 
ratio (rep), where  two  distinct  types of tjhin ice are  ob- 
served.  These  can ea.si1-y be  distinguished  from  each  other 
and  from  the  thick ice. The  narrow  opening  has  the  same 
r C p a  the one type of thin ice. The two  areas of thin ice 
with  different levels of r+re  not, separable in the visual 
images. 

The cross-polarized  ra,tio (rzp) is very low for  some  areas 
that  has been  identified as grey ice (including  the very 
dark floe in the middle left side of t,hc lead). For some 
areas,  including  the  narrow  opening,  tjhe rat,io is very high. 
However? due to very low levels of ai1;, these  areas  might 
appear  with  an artificially  high  cross-polarized  rat,io. 

The  magnitude of the co-polarized  correlation coeif- 
cient ( Iphhvul)  is generally  high,  except  for  smaller  partjs 
of the thick  ice. Low lphhv,lcan be caused by a mixture 
of different scattering  mechanisms  within tjhe resolution 
cells. There is no  clear  separat,ion  in the /p/7hvz,jlevels be- 
tween the different ice types,  although  t8he  variation is 
much  higher  in the  thick ice. 

The co-polarized phase ( p h h v u )  shows  significantly largc 
differences between the ice in the lead and  the thick  ice, 
but  it  also shows a clear separation  between  the ice in t,he 
lead area  and  the  narrow  opening. 

The SI symmetry  parameter is found to  be close to unit,y 
for most regions. However very  high 61 values are ob- 
served  for the  narrow  opening  in  the  lead, which indicate 
that  scatterers  have  some  preferential  struct,ures.  On  the 
border  between  the  opening  and  the icc in  tJhe  lead, very 
low dl values  occurs.  Same low values arc also found as 
long  lines in the  upper  part of the lead. 

DISCUSSION 

We have  presented a set of polarimetric  signatures  and 
showed how they  reveal different features of sea ice. No 
single polarimetric  parameter  can  discriminate well b e  
tween  all ice types. However, by combining  various po- 
larimetric  information, we find that a much better dis- 
crimination  can  be  obtained. 

For discriminating  water  and  thick ice, we find rcTlto  be 
very  useful. However for discriminating  water  and  thin 
ice, we found both phhl,?,and 61 to  be very  useful. Thin 
ice a.nd thick ice can  be  separated  using rCpor p ~ , , ~ , ~ , .  

The  delta  symmetry  parameter SI is expected tjo be 
larger than  unity for  vertical  oriented  scatterers  and be- 
low unity for  horizontal  scatterers,  and the observations 
shows how distinct  types of ice and  water cvent,ually can 
be  separated. 

A certain  type of ice is observed  in 61, and is ba.rely 
observed  in  other  parameters. By relat,ing the obscrvatiorl 
to  symmetrical  properties  and  taking  the meteorological 
conditions  into  consideration, we find this  type is likely 
to  be new forming  congelation ice with  vertical  oriented 
Scatterers. 

The  studies shows the usefulness of several  polarimetric 
parameters, of which the co-polarized ratio  in  particular 
should  be  addressed  attention,  since  future  satellite sys- 
tems, like ENVISAT,  might  be  able to  obtain  this  pararn- 

By comparing  the  da.ta  from  the  under flight with tjhe 
SAR  acquisition? we observed  divergence of the lead area. 
The thicker floes was not  observed to undergo  any defor- 
mation. Hence the physical properties of especially the 
thin ice might  have  changed.  This  fact makes it difficult, 
t,o  assign  different  regions to  the correct ice type at, t,his 
level. 

In  our  further  studies,  polarimetric  observations will be 
studied  with physical  models of sea ice types  found  in t,he 
region.  Typical  parameters of marginal ice zone  measure- 
ments will be  applied  to  the  models.  The  modeling  resuks 
help improve  our  understanding of the  polarimetric signa- 
tures of ice in the  marginal ice zone. 

etcr. 
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Figurc 1. EMISAR. polarimetric C-band signature maps of sea ice  observed in the Greenland Sea, March  1995. All signatures 
man arc scaled  linear within mecified  ranges  (from u m e r  left to  right): aEh[-30:-10 dB], r,,[-5:10 dB], rzr1[-15:0 dB], Iphh,,vj[O:lj, 

CONCLUSIONS 

The  polarimetric  SAR  study shows that: (1) co- 
polarization  phase difference can  be used for separating 
wat,er and different, ranges of thin  ice,  and (2) different, 
types of symmetries  in  the  scattering  mechanisms  can  be 
dctectcd  and used to separate in particular  frazil  and con- 
gelation ice in  newly  formed  leads and  open  water. We 
also find that ( 3 )  co-pola.rization  ratio is useful for sepa- 
rating  multiyear ice from rough  thin ice and  open  water. 
Wc relate  the  observed  phase difference of thin ice to its 
anisotropic  behavior.  Furthermore, different values of 61 
result  from different symmetrical  properties  related to  the 
growth  structure of ice or  the  directional  structure of wa- 
ter waves. These  properties  help to  eliminate  some of the 
ambiguities  in SAR data analyses of sea ice. 
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